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OBJECTIVE

Corneal confocal microscopy is a novel diagnostic technique for the detection of
nerve damage and repair in a range of peripheral neuropathies, in particular
diabetic neuropathy. Normative reference values are required to enable clinical
translation and wider use of this technique. We have therefore undertaken a
multicenter collaboration to provide worldwide age-adjusted normative values
of corneal nerve fiber parameters.

RESEARCH DESIGN AND METHODS

A total of 1,965 corneal nerve images from343 healthy volunteerswere pooled from
six clinical academic centers. All subjects underwent examination with the Heidel-
berg Retina Tomograph corneal confocal microscope. Images of the central corneal
subbasal nerve plexus were acquired by each center using a standard protocol and
analyzed by three trained examiners using manual tracing and semiautomated soft-
ware (CCMetrics). Age trends were established using simple linear regression, and
normative corneal nerve fiber density (CNFD), corneal nerve fiber branch density
(CNBD), corneal nerve fiber length (CNFL), and corneal nerve fiber tortuosity (CNFT)
reference values were calculated using quantile regression analysis.

RESULTS

There was a significant linear age-dependent decrease in CNFD (20.164 no./mm2

per year for men, P < 0.01, and 20.161 no./mm2 per year for women, P < 0.01).
There was no change with age in CNBD (0.192 no./mm2 per year for men, P = 0.26,
and 20.050 no./mm2 per year for women, P = 0.78). CNFL decreased in men
(20.045 mm/mm2 per year, P = 0.07) and women (20.060 mm/mm2 per year,
P = 0.02). CNFT increased with age in men (0.044 per year, P < 0.01) and women
(0.046 per year, P < 0.01). Height, weight, and BMI did not influence the 5th
percentile normative values for any corneal nerve parameter.

CONCLUSIONS

This study provides robust worldwide normative reference values for corneal
nerve parameters to be used in research and clinical practice in the study of
diabetic and other peripheral neuropathies.

1Centre for Endocrinology and Diabetes, Institute
of HumanDevelopment, University ofManchester,
Manchester, U.K.
2Medical Statistics Unit, University ofManchester
and University Hospital of South Manchester,
Manchester, U.K.
3Institute of Health Biomedical Innovation,
Queensland University of Technology, Brisbane,
Australia
4Department of Ophthalmology, University of
Rostock, Rostock, Germany
5Institute for Clinical Diabetology, German Diabe-
tes Center atHeinrichHeineUniversity, Leibniz Cen-
ter for Diabetes Research, Düsseldorf, Germany
6Department of Endocrinology and Diabetology,
University Hospital, Düsseldorf, Germany
7Alberta Children’s Hospital, Alberta Children’s
Hospital Research Institute, University of Calgary,
Calgary, Canada
8Division of Endocrinology, Leadership Sinai Cen-
tre for Diabetes, University of Toronto, Toronto,
Canada
9Division of Neurology, University Health Net-
work, University of Toronto, Toronto, Canada
10Department of Neurology, University of Utah,
Salt Lake City, UT
11Weill Cornell Medical College in Qatar, Ar
Rayyān, Qatar

Corresponding author: Rayaz A. Malik, rayaz.a.
malik@man.ac.uk.

Received 1 October 2014 and accepted 4 January
2015.

This article contains Supplementary Data online
at http://care.diabetesjournals.org/lookup/
suppl/doi:10.2337/dc14-2311/-/DC1.

© 2015 by the American Diabetes Association.
Readers may use this article as long as the work
is properly cited, the use is educational and not
for profit, and the work is not altered.

Mitra Tavakoli,1 Maryam Ferdousi,1

Ioannis N. Petropoulos,1 Julie Morris,2

Nicola Pritchard,3 Andrey Zhivov,4

Dan Ziegler,5,6 Danièle Pacaud,7
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The use of corneal confocal microscopy
(CCM) for rapid, noninvasive clinical as-
sessment of corneal nerves has grown
substantially in recent years (1). It has
proven to be particularly useful as a
diagnostic marker for the detection of di-
abetic neuropathy (2–6) and a range of
other peripheral neuropathies (7–10).
However, the clinical translation of

CCM has been limited by a lack of nor-
mative reference values, allowing inves-
tigators to define pathological changes.
Furthermore, there is considerable in-
consistency in the literature with regard
to the density of subbasal nerves in the
cornea in control subjects based on the
type of instrument, protocol used to ac-
quire images, and definition of corneal
nerve structures (3,11). Studies using la-
ser scanning confocal microscopy have
reported higher densities of subbasal
corneal nerves compared with studies
using the tandem scanning confocal mi-
croscope and slit scanning confocal
microscope, due to differences in the
light source, contrast, and resolution of
these instruments (11). Furthermore, a
range of methods has been used to cap-
ture and quantify the nerves and dif-
fered in terms of the site and number
of images selected and analyzed per
subject (12). The majority of studies
have defined subbasal nerve density as
the total number of major nerves in an
area of corneal tissue (no./mm2) (3,13).
However, others have presented the
data as the number of nerves per image
(14) or the total length of the nerves
within a frame (15,16) and still referred
to it as a density.
Aging and sex may impact peripheral

nerve morphology. Corneal sensitivity
has been shown to decline with age
(17). However, while some relatively
small studies have demonstrated no cor-
relation between corneal nerve density
and age (4,15,16,18), other earlier studies
demonstrated a significant reduction
with age (16,19). Using a definition of
nerve density that is consistent with our
definition of corneal nerve fiber length
(CNFL), a study of 85 healthy control sub-
jects showed a linear decline in subbasal
nerve density of 0.9% per year (20).
The aim of the present international

multicenter collaboration was to estab-
lish worldwide age-adjusted normative
values of corneal nerve fiber parameters
using a common adopted method to
capture the images: the same CCM

instrument and manual analysis using
strict definitions of corneal nerve fiber
parameters (3,21).

RESEARCH DESIGN AND METHODS

Six independent international study
groups who have previously reported
normal values for corneal nerve param-
eters using the Heidelberg Retina Tomo-
graph (HRT III) Rostock Cornea module
(RCM) were invited to provide the co-
ordinating center (Manchester, U.K.)
with CCM images of corneal nerves
from their healthy subjects who were
enrolled and had consented and been
studied previously. Corneal nerve im-
ages from 343 healthy volunteers were
pooled from each academic center
(Manchester, n = 139; Brisbane, n = 59;
Utah, n = 48; Düsseldorf, n = 42; Calgary,
n = 41; and Toronto, n = 14).

Eligibility criteria for inclusion of sub-
jects as control subjects in the original
study from each center were good
health, age between 5 and 85 years,
and lack of neurological signs or symp-
toms or conditions known to cause neu-
ropathy including diabetes, impaired
glucose tolerance, metabolic syndrome,
vitamin B12 deficiency, and idiopathic
small fiber neuropathy. Subjects with a
history of using hard contact lenses and
previous refractive surgery were ex-
cluded. Data on height, weight, BMI,
and HbA1c were recorded where avail-
able. In each center, informed written
consent was obtained from all partici-
pants prior to their enrolment in the
study. All control subjects were re-
cruited and assessed; as part of ongoing
clinical studies at each center, they
underwent detailed evaluation of neuro-
logical symptoms anddeficits, quantitative
sensory testing, and electrophysiology as
well as standard blood tests to exclude
other causes of neuropathy, which in-
cluded serum B12, folate, antinuclear an-
tibody (ANA), and immunoglobulins. This
research adhered to the tenets of the
Declaration of Helsinki, and local ethics
committee approval was obtained in all
centers.

Subjects underwent examination
with the HRT III Rostock Cornea module
in vivo corneal confocal microscope
(IVCCM). The subject’s eyes were anes-
thetized using a drop of 0.4% Benoxi-
nate hydrochloride, and Viscotears was
applied on the front of the eye for lubri-
cation. A drop of viscoelastic gel was

placed on the tip of the objective lens,
and a sterile disposable Perspex cap was
placed over the lens allowing optical
coupling of the objective lens to the cor-
nea. The patient was instructed to fixate
on a target with the eye not being ex-
amined. Several scans of the entire
depth of the cornea were recorded by
turning the fine focus of the objective
lens backward and forward for ;2 min
using the section mode, which enables
manual acquisition and storage of single
images of all corneal layers. This pro-
vides en face two-dimensional images
with a lateral resolution of;2 mm/pixel
and a final image size of 4003 400 pixels
of the subbasal nerve plexus of the cor-
nea from each control subject. This layer
is of particular relevance for defining
neuropathic changes, since it is the loca-
tion of the main nerve plexus that sup-
plies the overlying corneal epithelium.
Each nerve fiber bundle contains unmy-
elinated fibers, which run parallel to
Bowman layer before dividing and termi-
nating as individual axons in the surface
epithelium. Three to six images from the
center of the cornea of both eyes were
selected and examined in amasked fash-
ion. Three experienced examiners (M.T.,
M.F., and I.N.P.), masked from the clini-
cal details of the subjects, quantified
1,965 images of all study participants us-
ing purpose-written, proprietary soft-
ware (CCMetrics [M.A. Dabbah,
Imaging Science, University of Manches-
ter]). Four corneal nerve parameters
were quantified: 1) corneal nerve fiber
density (CNFD) (the total number of ma-
jor nerves per millimeter squared of cor-
neal tissue), 2) corneal nerve branch
density (CNBD) (the number of branches
emanating from all major nerve trunks
per millimeter squared of corneal tissue),
3) CNFL (the total length of all nerve
fibers and branches within the area of
corneal tissue), and 4) corneal nerve fiber
tortuosity (CNFT) (tortuosity coefficient
[TC]), which represents the degree of
tortuosity from a straight line joining the
ends of each main nerve fiber.

Statistical Analysis
Data are presented asmean (SD), median,
or quantile for men and women by each
age decade. Age trends in men and
women were investigated separately us-
ing simple linear regression analyses.
Quantile regression was carried out to de-
termine normative reference values for
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CNFD, CNBD, CNFL, and CNFT. This tech-
nique allows quantiles to be estimated
as a smooth function of age without
imposing a parametric distribution, and
this method is particularly robust in the
presence of outliers.

RESULTS

Of the subjects from six centers that par-
ticipated in this study, providing IVCCM
images of the corneal subbasal nerves
from 343 healthy subjects aged be-
tween 9 and 82 years old, 172 were
male and 171 were female. The demo-
graphic results of the participants are
presented in Table 1. HbA1c was avail-
able for 133 subjects, and BMI, height,
and weight were available for 266 sub-
jects (Table 1). HbA1c, height, weight,
and BMI did not influence the 5th per-
centile normative values for CNFD,
CNBD, CNFL, or CNFT.
Representative images for each age-

group are presented in Fig. 1. Median
values for corneal nerve parameters
are presented in Table 2 for female
and male subjects. Fifth quantile values
for CNFD, CNBD, and CNFL and 95th
quantiles for CNFT are presented in
Table 3. There was a significant linear
age-dependent decrease in CNFD
(20.164 no./mm2 per year for men,
P , 0.01, and 20.161 no./mm2 per
year for women, P , 0.01). There was no

change in CNBD (0.192 no./mm2 per year
for men, P = 0.26, and 20.050 no./mm2

per year for women, P = 0.78). CNFL de-
creased in men (20.045 mm/mm2 per
year, P = 0.07) and women (20.060
mm/mm2 per year, P = 0.02). CNFT in-
creased in men (0.044 per year, P, 0.01)
and women (0.046 per year, P, 0.01).

Regression plots for each corneal
nerve fiber parameter with lines denot-
ing the median and the 5th and the 95th
percentiles are shown in Fig. 2. The find-
ings were similar regardless of sex for
CNFD (R2 = 0.11, slope loss % per year
20.161, P, 0.0001), CNBD (R2 = 0.005,
slope loss % per year 20.074, P = 0.55),
CNFL (R2 = 0.026, slope loss % per year
20.052, P = 0.003), and CNFT (R2 =
0.052, slope increase % per year 0.044,
P , 0.0001).

CONCLUSIONS

IVCCM has evolved rapidly from a tech-
nique predominantly used in clinical re-
search to a diagnostic tool for a variety
of ophthalmic and neurological applica-
tions (1). It has now emerged as a pow-
erful technique for the study of corneal
cellular structure in health and disease
in patients (22) and in animal models of
diabetic neuropathy (23). The noninva-
sive nature of this technique has made it
an ideal tool to examine all microstruc-
tures of the cornea (24).

There is a burgeoning literature on
the use of CCM to quantify peripheral
neuropathies, in particular diabetic neu-
ropathy (2–6). Thus, CCM has been
shown to be an accurate noninvasive
method for the early diagnosis of dia-
betic neuropathy (3,25), idiopathic
small-fiber neuropathy (26), Fabry dis-
ease (9), hereditary sensory and auto-
nomic neuropathy (8), autoimmune
neuropathy (27), and neuropathy asso-
ciated with Crohn disease and chemo-
therapy (28). It has been shown to
have high reproducibility (29,30) and re-
peatability (32), with good sensitivity
and specificity for the diagnosis of dia-
betic neuropathy (3,32).

However, before CCM can be adopted
for wider clinical use, there is clearly a
need to standardize the method of cap-
turing, sampling, and analyzing the im-
ages. And there is a need to adopt a
global standard approach to quantify
corneal nerve morphology using rigor-
ous definitions for eachmorphologic pa-
rameter to enable comparison between
different studies. The use of standard-
ized manual analysis software would re-
solve this problem partially, but of
course interobserver differences would
remain, based on difference between
observers in the recognition of corneal
nerve structures (31). This can be over-
come with the use of automated image

Table 1—Demographic data

Age-groups (years)

,16 16–25 26–35 36–45 46–55 56–65 .66

Number (female/male) 19/18 28/32 26/23 26/17 34/25 22/32 16/25

Age (years) 12.5 (1.8) 20.8 (3.1) 29.9 (2.9) 41.4 (3.0) 49.8 (2.7) 60.7 (2.9) 70.3 (3.6)

Height (m) 1.54 (0.12) 1.69 (0.09) 1.69 (0.08) 1.68 (0.09) 1.68 (0.10) 1.72 (0.10) 1.70 (0.09)

Weight (kg) 46.8 (11.9) 64.9 (12.6) 68.7 (12.7) 73.5 (12.6) 79.8 (18.5) 78.1 (14.9) 76.4 (11.9)

BMI (kg/m2) 19.5 (2.5) 22.4 (3.7) 24.2 (3.2) 25.0 (4.3) 28.0 (5.8) 26.1 (4.0) 25.9 (2.8)

HbA1c (%) d 5.26 (0.30) 4.82 (1.50) 5.08 (1.61) 5.06 (1.62) 4.96 (1.74) 5.41 (1.38)

HbA1c (mmol/mol) d 34.02 (3.2) 34.19 (3.5) 36.75 (3.6) 37.25 (4.3) 37.23 (2.6) 38.73 (4.1)

Data are mean (SD) unless otherwise indicated.

Figure 1—Representative CCM images from the subbasal plexus per age-group. yrs, years.
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analysis software that has been devel-
oped recently to rapidly quantify cor-
neal nerve pathology (33,34).
As stated earlier, while some rela-

tively small studies have demonstrated
no correlation between corneal nerve
density and age (4,15,16,18), other ear-
lier studies demonstrated a significant
reduction with age (16,19). The dis-
agreement between these previous
studies can be potentially explained
by the types of corneal confocal micro-
scopes (tandem scanning confocal
microscope, slit scanning confocal mi-
croscope, and laser scanning corneal
confocal microscope) that have been
used to acquire images and also the
method (volume scan, section scan)
used to capture the images as well as
the parameters measured. The current
data set shows that corneal nerve mor-
phology behaves very similarly to intra-
epidermal nerve fiber density (IENFD) in
terms of an age-dependent decrease in
nerve fiber density (35). Furthermore,
we show an age-dependent reduction
in CNFL and an increase in CNFT but no
significant effect on CNBD, presumably

from increases as well as decreases in
nerve branches due to concomitant de-
generation and regeneration, respec-
tively. The possible effects of weight
and indeed BMI have been suggested
as possible confounders when undertak-
ing longitudinal studies using IENFD (36).
Thus, it is reassuring that like IENFD (35),
corneal nerve fiber parameters also
showed no effect of height, weight, or
BMI. A previous study in 64 healthy vol-
unteers showed that CNFL had a broad
distribution and was not related to age,
although their age range was limited to
39 6 18 years. Furthermore, multivari-
ate regression analysis demonstrated
that HbA1c was the only independent
variable accounting for the variation in
CNFL (37). Indeed, we also show a broad
distribution for corneal nerve parame-
ters, but this is primarily explained by
an effect of age. This age effect may be
relevant when interpreting recent data
showing a more marked reduction in
CNFL in patients with type 1 diabetes
and paradoxically minimal change in pa-
tients with type 2 diabetes andmild neu-
ropathy as opposed to those without

and with severe neuropathy (6). Signifi-
cant changes have been found in pa-
tients recently diagnosed with type 2
diabetes (5) and subjects with impaired
glucose tolerance (38).

We acknowledge some limitations in
the current study including an unequal
number of subjects in each group. We
also do not have complete data sets for
HbA1c or oral glucose tolerance test
or data on smoking, alcohol intake, or
actual levels of vitamin B12 or folate.
However, the latter were checked in
each center, and any individuals with
an abnormality were excluded.

In conclusion, the current study rep-
resents the largestmulticenter cohort of
healthy control subjects who have un-
dergone CCM using a standardized tech-
nique to capture central corneal images
with the same model of microscope and
rigorous quantification of corneal nerve
morphology in one center using a standard
definition. We show an age-dependent
decrease in CNFD and CNFL with an in-
crease in CNFT. We additionally provide
age-dependent normative cutoffs to aid
clinicians to identifypathological reductions,

Table 2—Corneal nerve normative values

Age
(years)

Female subjects Male subjects

No. of
subjects

Median
CNFD

(no./mm2)

Median
CNBD

(no./mm2)

Median
CNFL

(mm/mm2)
Median
CNFT (TC)

No. of
subjects

Median
CNFD

(no./mm2)

Median
CNBD

(no./mm2)

Median
CNFL

(mm/mm2)
Median
CNFT (TC)

,16 19 33.33 87.60 26.43 13.17 18 34.13 91.62 24.56 13.49

16–25 28 31.85 77.01 25.45 13.77 32 32.44 53.68 23.16 13.92

26–35 26 30.20 68.46 24.37 14.43 23 30.56 58.14 22.92 14.40

36–45 26 28.56 63.27 23.28 15.09 17 28.68 71.93 23.34 14.87

46–55 34 26.91 61.46 22.20 15.75 25 26.80 81.05 23.63 15.35

56–65 22 25.27 63.02 21.11 16.41 32 24.92 79.17 23.03 15.83

.65 16 23.54 68.28 19.97 17.10 25 22.95 61.68 20.61 16.33

Data are median values per age span.

Table 3—Corneal nerve parameter cutoff points for clinical use

Age
(years)

Female subjects Male subjects

0.05th quantile
CNFD

(no./mm2)

0.05th quantile
CNBD

(no./mm2)

0.05th quantile
CNFL

(mm/mm2)

0.95th
quantile
CNFT (TC)

0.05th quantile
CNFD

(no./mm2)

0.05th quantile
CNBD

(no./mm2)

0.05th quantile
CNFL

(mm/mm2)

0.95th
quantile
CNFT (TC)

,16 23.98 46.52 19.19 17.23 22.18 36.80 18.82 17.09

16–25 20.07 34.01 15.08 21.06 17.96 20.62 15.93 19.66

26–35 16.85 24.04 13.17 22.76 14.54 16.49 14.05 21.04

36–45 14.79 18.19 12.48 22.79 12.46 15.78 13.20 21.86

46–55 13.91 16.47 12.48 22.16 11.71 15.55 13.01 22.43

56–65 14.20 18.89 12.90 21.91 12.29 14.85 13.12 22.85

.65 15.77 25.86 13.67 23.17 14.35 13.23 13.15 23.20
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sufficient to identify significant nerve dam-
age and, hence, diagnose peripheral neu-
ropathy. These data provide the basis for
wider use of CCM as a diagnostic test for
diabetic and other peripheral neuropathies.
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Figure 2—Scatterplot showing CNFD (A), CNBD (B), CNFL (C), and CNFT (D) in 343 healthy individuals. Lines depict 5th, 50th, and 95th percentiles
(unadjusted).
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